
Research article

Exploring water use pathways under deep decarbonization scenarios in 
Canada at subnational scales using GCAM-Canada

Osama Younis a , Evan G.R. Davies a,* , Diego V. Chiappori a,c, Matthew Binsted b,  
Muhammad-Shahid Siddiqui c, Evan J. Arbuckle a, Nick Macaluso c

a Department of Civil and Environmental Engineering, University of Alberta, 9211 – 116 Street NW, Edmonton, AB, Canada
b Joint Global Change Research Institute, 5825 University Research Court, College Park, MD, USA
c Economic Analysis Directorate, Environment and Climate Change Canada, 200 Boulevard Sacré-Cœur, Gatineau, QC, Canada
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A B S T R A C T

Canada is a water rich country with annual per capita freshwater withdrawals that rank among the highest in the 
developed world. As global and national decarbonization efforts progress, the implications of these energy and 
land system transitions for Canadian water resources remain underexplored. This study employs the integrated 
assessment model, GCAM-Canada, to project Canadian water use to 2050 in six sectors – municipal, 
manufacturing, irrigation, livestock, primary energy mining and, thermal power generation – across provinces 
and river basins under six combinations of socio-economic and climate mitigation scenarios. The resulting water 
use projections elucidate the relative impacts of socio-economic development, technological change, carbon 
emission restrictions, and direct air capture (DAC) technologies on water use at subnational scales. Additionally, 
the study quantifies virtual water embodied in exported Canadian crops and electricity to assess the effects of 
global decarbonization on local water resources. Our findings project national withdrawals to decline by 9 %–26 
% by 2050 in all scenarios, although patterns vary by province and river basin. Conversely, water consumption 
increases across all scales. Net-zero climate policies produce potential trade-offs and synergies with water use in 
different provinces, emphasizing the need for regional considerations in climate policy formulation. Green and 
blue virtual water exports are projected to increase in all scenarios, although to a lesser extent under decar
bonization, while electricity sector virtual water exports are projected to increase under global net-zero scenarios 
with rising U.S. demand for Canadian hydropower. Our study emphasizes the need for tailored solutions within 
Canada’s broader climate and water management frameworks for a more sustainable future.

1. Introduction

Climate change presents an urgent challenge to both environmental 
and socioeconomic systems. The latest Intergovernmental Panel on 
Climate Change report (IPCC et al., 2023) emphasized that limiting 
global warming to 1.5–2 ◦C above pre-industrial levels requires reducing 
emissions to net-zero between 2050 and 2070, depending on the target, 
which will require large-scale transformations in energy and land sys
tems and have far-reaching effects on other natural resources – partic
ularly water (Pittock, 2011; Turner et al., 2018; Felder, 2014). While the 
emissions and economic dimensions of climate action have received 
considerable attention, fewer studies have examined the implications for 
water systems, despite their sensitivity to these structural shifts (Wild 
et al., 2021a; Ou et al., 2023). These interactions are especially 

important at subnational scales, where water, land, and energy avail
ability and use differ by region and climate mitigation strategies are still 
evolving (Ou et al., 2023). Canada offers a compelling example of these 
dynamics.

Canada ranks 12th in global greenhouse gas emissions and has one of 
the highest per capita emissions rates among developed countries 
(Environment and Climate Change Canada, 2024). To reduce these 
emissions, the federal government enacted the Canadian Net-Zero 
Emissions Accountability Act (S.C. 2021, c. 22), committing the coun
try to achieving net-zero emissions by 2050. The national target defines 
the overarching goal, but the means of its achievement could vary 
provincially, reflecting differences in energy systems, fuel choices, the 
availability both of other resources and of geological reservoirs for 
carbon storage, and economic priorities (Ou et al., 2023; Fuhrman et al., 
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2021). Certain mitigation strategies tend to reduce water use, such as 
promotion of wind and solar energy, while others could increase it, such 
as expansion of hydropower or deployment of direct air capture tech
nology. These potential tradeoffs should be considered in climate policy 
decisions, particularly where resources like water are scarce (McCollum 
et al., 2018; Fuhrman et al., 2020).

In addition to the diversity of provincial climate mitigation path
ways, water use in Canada is itself highly variable across regions and 
sectors (Agrawal et al., 2022). Sectoral demands are shaped by factors 
such as industrial activity, energy production methods and land use 
(Younis and Davies, 2023). In Ontario, over 80 % of water withdrawals 
cool nuclear power plants, while water use in Alberta is more balanced 
between cooling in thermal power plants and irrigation. Manufacturing 
and domestic water uses dominate in provinces like Quebec and British 
Columbia. Additionally, some sectors with a minor share of national 
water use are major regional users. For example, in 2017, oil and gas 
accounted for less than 1 % of Canada’s total withdrawals but repre
sented over 8 % of Alberta’s and more than 50 % of the Mackenzie River 
basin’s water use (Younis and Davies, 2023). This spatial heterogeneity 
adds complexity to assessing net-zero transitions and reinforces the need 
for subnational-scale analysis, where both mitigation strategies and 
sectoral demands could differ considerably.

Assessing the impact of decarbonization on future water use requires 
linking climate and energy policy pathways to both local and global 
water demand drivers. Local drivers including socio-economic factors 
like population growth and economic development, and technological 
advancements influence sectoral water use patterns over time – all in
dependent of climate policy (Graham et al., 2018). For example, rising 
populations, incomes, and living standards increase domestic water use 
(Chen et al., 2022), and drive higher demand for food, energy, and 
goods, thereby raising the water requirements of agricultural and in
dustrial sectors (Nechifor and Winning, 2017; Duarte et al., 2014). 
Technological advancements may reduce water intensity in some cases, 
but introduce new sources of demand in others (Fuhrman et al., 2020). 
Importantly, socio-economic drivers also influence decarbonization 
pathways by determining demands across industrial, energy, and land 
use sectors. These demands shape not only the scale of decarbonization 
required but also the types of mitigation strategies pursued, depending 
on available resources (Riahi et al., 2017), in turn influencing water use. 
Without considering these underlying domestic drivers, the influence of 
decarbonization on water systems may be misrepresented or 
underappreciated.

Global water demand drivers including socio-economics and climate 
and energy policies also shape regional water use through international 
trade (Zhong et al., 2023). The concept of virtual water, or the water 
embedded in traded goods and services, traces this regional and inter
national exchange (Allan et al., 1994; Allan and Lant, 2003), and is 
especially relevant under global decarbonization scenarios, which are 
expected to substantially reshape land use and energy systems and 
thereby alter global demand for products from these sectors 
(Environment and Climate Change Canada, 2022). In Canada, agricul
ture and electricity are the two largest water-consuming sectors 
(Agrawal et al., 2022), and both contribute to international markets. In 
2022, Canada was the fifth-largest exporter of agricultural and seafood 
products globally. Further, approximately 73 % of revenue from field 
crops and 57 % from horticulture came from exports (Agriculture and 
Agri-Food Canada, 2024), reflecting the sector’s strong reliance on 
global demand. Moreover, about 7 % of Canadian electricity production 
was exported to the United States in 2024 (Natural Resources Canada, 
2024), primarily from hydropower producing provinces. Assessing vir
tual water exports in these sectors reveals how global climate mitigation 
efforts can reshape external demand and, in turn, drive regionally 
different water impacts.

Despite a growing body of research on the resource implications of 
climate mitigation, the effects of decarbonization on water systems 
remain underrepresented. This paper identifies four key areas where 

current approaches can be improved. First, many existing studies have 
focused on national-level assessments which obscures the spatial het
erogeneity of water use and policy implementation across subnational 
regions and river basins. Second, few studies have utilized a systems 
framework that can quantify the effects of both local and global drivers 
on subnational sectoral water use in decarbonization scenarios. Third, 
the water implications of emerging mitigation strategies, such as direct 
air capture, remain unexplored in the Canadian context, despite an ex
pected rise in their deployment rate and their potential to significantly 
alter water and energy demands (Fuhrman et al., 2020). Fourth, 
although virtual water flows are increasingly recognized as important 
for linking trade and water use, they are not often examined alongside 
decarbonization policies.

To address these gaps, this study presents the first comprehensive 
analysis of water use under deep decarbonization across all Canadian 
provinces and major river basins, capturing their spatial heterogeneity 
across six key water-using sectors. Unlike most existing work, it employs 
a systems-based integrated assessment model to quantify the effects of 
both local and global drivers on future water demand. It also introduces 
a subnational assessment of virtual water exports in the agriculture and 
electricity sectors, demonstrating effects of global climate mitigation on 
local water resources via trade, and for the first time in Canada, evalu
ates the water implications of direct air capture deployment. These 
contributions enable a cross-sectoral, multi-scalar, and spatially detailed 
understanding of how net-zero transitions could affect regional water 
use in Canada.

For this study, we apply GCAM-Canada, a provincially disaggregated 
version of the Global Change Analysis Model (GCAM), which integrates 
five human–environment systems: energy, land, water, economy, and 
climate. Using this framework, the study investigates four core research 
questions. 

1) What are the effects of population and economic development on 
sectoral water use in Canada at the provincial and river basin scales 
in the absence of climate policy?

2) How does the introduction of net-zero targets impact water resources 
at the same scales?

3) Does regional implementation of the water intensive direct air cap
ture technology in efforts to reach net-zero lead to notable changes in 
sectoral water use?

4) Finally, how do international market shifts in the agricultural and 
electricity sectors, particularly in response to global decarbonization 
efforts, influence local water use in Canada?

This paper addresses the four questions through a simulation of 
water withdrawals and consumption across six major sectors to 2050 
through a combination of six socio-economic and climate mitigation 
scenarios. The first question establishes a reference case driven by socio- 
economic and technological change in the absence of climate mitigation 
policy. The second evaluates how deep decarbonization scenarios affect 
water use through transformations in land and energy systems through a 
comparison with the first scenario. The third explores sectoral water use 
implications of widespread direct air capture deployment, an emerging 
but underexamined technology in Canadian water studies. The final 
question assesses how shifts in international trade driven by global 
mitigation policies will influence local water systems through virtual 
agricultural and electricity sector water trades.

2. Literature review

Several studies have estimated global future water use at a national 
scale using Integrated assessment models (IAMs). They have projected 
future water use for specific sectors and addressed questions related to 
the impacts of climate change and mitigation policies on land use and 
agricultural water use (Chaturvedi et al., 2013; Huang et al., 2019), 
effects of groundwater depletion on irrigation and crop production 
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globally (Turner et al., 2017), withdrawals in the municipal sector under 
multiple socio-economic and water conservation scenarios (Hejazi et al., 
2013), and withdrawals and consumption in the electricity sector under 
different socio-economic, climate mitigation policy, and water conser
vation scenarios (Davies et al., 2013; Kyle et al., 2013; Liu et al., 2015). 
Other studies have projected water use across multiple sectors to analyze 
potential future dynamics of Water-Energy-Food (WEF) systems in 
water-limited regions (Kim et al., 2016), assess the impacts of different 
socio-economic factors on water uses (Hejazi et al., 2014a; Bijl et al., 
2016), or quantify future water scarcity under alternative climatic and 
socio-economic scenarios (Hejazi et al., 2014b; Graham et al., 2020a). 
Fewer studies have projected water use sub-nationally with IAMs. Some 
have focused on administrative boundaries in the United States (Ou 
et al., 2023; Binsted et al., 2022; Ganji et al., 2024) or Peru (Correa et al., 
2022), while others have analyzed the WEF dynamics within river basins 
(Zeng et al., 2022; Wild et al., 2021b).

In the Canadian context, several recent studies have applied an IAM 
approach to sectoral water use under different climate mitigation sce
narios either at national or provincial scales. Nationally, Kuling et al. 
(2022) used an IAM to project irrigation water use with bioenergy 
adoption under a net-zero scenario and found that water demands could 
increase substantially under some conditions. Gupta et al. (2021)
analyzed the impacts of electricity sector decarbonization on water 
consumption and reported 8 % less consumption than a current policy 
scenario. At the provincial scale, the identified studies focused on 
Alberta and Saskatchewan, regions central to Canada’s fossil fuel pro
duction and therefore key to national net-zero transitions. In Alberta, Ali 
(2018) forecasted future primary energy mining and electricity sector 
water use and found increasing consumption in all studied energy sce
narios, especially those involving biofuels. Agrawal et al. (2018) simi
larly found increasing electricity water use by 2050 in eight of nine 
decarbonization scenarios. More recently, Moraes Coraça et al. (2025)
assessed the implications of hydrogen based decarbonization pathways 
on water resources from 2026 to 2050 and reported a significant asso
ciated water footprint. In contrast to the previous studies that reported 
water tradeoffs, the study by Wu et al. (2021) in Saskatchewan projected 
a reduction in water use, identifying a synergistic effect between wind 
energy promotion and decreased industrial water demands.

Many international studies have used input-output models to quan
tify and analyze present-day interregional agricultural trade through the 
concept of virtual water (Fu et al., 2021; Liu et al., 2022). However, 
relatively fewer studies have projected virtual water trade into the 
future. Gravity models of trade in agricultural products (Ashktorab and 
Zibaei, 2021), coupled in one case with a stochastic model (Sartori et al., 
2017), have been applied under different socio-economic and climate 
scenarios, while GCAM was used to quantify future green and blue vir
tual water trades in global agricultural products at a national scale 
(Graham et al., 2020b) and in electricity sector water trade within the U. 
S. (Graham et al., 2021). No studies have projected future virtual water 
trades for Canada at subnational scales to assess effects of decarbon
ization on virtual water trades.

3. Methods

This study applies GCAM-Canada, a spatially disaggregated version 
of the Global Change Analysis Model (GCAM v5.3), to evaluate subna
tional water use interactions under multiple decarbonization pathways. 
GCAM is an open-source IAM developed by the Joint Global Change 
Research Institute (JGCRI) that simulates long-term interactions among 
five interconnected systems: energy, water, land and agriculture, econ
omy, and climate. GCAM operates as a partial equilibrium model, 
solving iteratively in 5-year time steps to find market prices that balance 
supply with demand across all sectors and regions. GCAM incorporates 
inputs such as historical data, future assumed trajectories of socio- 
economic development, and technology-specific cost and efficiency 
parameters. Historical data spanning 1975 to 2015 (model base year) 

are used to calibrate the model, ensuring consistency between simulated 
and observed values for key variables such as energy production, land 
use, water withdrawals, and GDP throughout the calibration period. The 
model uses a recursive dynamic structure, where decisions in each time 
step are based on system states and market conditions from the previous 
period. The 2015 base year represents the initial system state from 
which all future projections, extending to 2100, are simulated. Model 
outputs include projections of resource use, emissions, land use change, 
and water withdrawals and consumption by sector. Systems are repre
sented at multiple spatial resolutions: energy and economic systems are 
simulated in 32 geopolitical regions, land use is divided into 384 land 
units, and water is represented in 235 river basins. For further technical 
documentation and details on model structure, see Calvin et al. (2019)
and the JGCRI documentation (JGCRI, 2022).

3.1. GCAM-Canada

GCAM-Canada is a geographically disaggregated version of GCAM 
v5.3 that represents the individual socio-economic, energy, and emis
sions systems of its 10 provinces and 3 territories. GCAM-Canada sup
ports subnational analysis within a globally linked framework, enabling 
assessments of how local and global drivers and policies affect subna
tional resource systems. An advancement to GCAM-Canada’s water 
sector is the spatial disaggregation of water demands to the provincial/ 
territorial scale, which has enabled a subnational analysis of water- 
energy-land interactions. Details on the implementation are provided 
in Section 3.2. In addition to spatial disaggregation, this version includes 
two key features relevant to this study that are not part of the public core 
model. First, hydropower generation is modeled endogenously at the 
provincial scale, allowing it to compete with other electricity sources 
based on relative cost and resource availability (Arbuckle, 2023). This 
feature is particularly important for capturing the implications of future 
hydropower deployment under decarbonization policies and its effect on 
evaporative water consumption. Second, GCAM-Canada incorporates a 
detailed electricity trade structure that simulates interprovincial flows 
as well as bilateral electricity exchanges between Canadian provinces 
and the United States (Chiappori et al.). This structure permits estima
tion of virtual water exports associated with electricity trade (refer to the 
supplementary material for more information on this feature).

3.2. Water demand structure in GCAM-Canada

This section describes the approach to spatially disaggregating water 
demands in GCAM-Canada to the provincial scale. Water demands in 
GCAM are computed for six key sectors: domestic, manufacturing, 
electricity, irrigation, livestock, and primary energy mining. For sectors 
modeled at the provincial scale (i.e. domestic, manufacturing, and 
electricity), water demands are directly calculated within each province 
or territory. For sectors that remain modeled at the national or river 
basin scale in GCAM-Canada (i.e., livestock, primary energy mining, and 
irrigation), national or basin-level demands are allocated to provinces 
post-simulation using fixed historical shares from 2015, the last histor
ical year in the model. While this method assumes a static spatial dis
tribution and therefore does not account for potential future shifts in 
agriculture, livestock, or mining activity, it aligns with methods used in 
previous GCAM-based studies (Binsted et al., 2022). The spatial reso
lution of sectoral demand estimation is illustrated in Fig. 1. Historical 
water use data employed in this study are described in Younis and 
Davies (2023).

The methods to estimate water demands in GCAM vary by sector. 
Domestic and manufacturing water demands are calculated based on 
exogenous inputs, specifically provincial population and GDP trajec
tories, which directly determine household and industrial water needs 
(Hejazi et al., 2014a). In the remaining four sectors, water demands are 
calculated depending on two components: (1) water use intensity per 
unit of production or activity, and (2) the magnitude of sectoral activity 
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at each time step. Water intensity coefficients are derived from pub
lished literature for the agriculture (Mekonnen et al., 2011), livestock 
(Mekonnen et al., 2010), electricity (Macknick et al., 2012), primary 
energy mining (Maheu, 2009), hydropower (Bakken et al., 2017), and 
direct air capture (DAC) (Fuhrman et al., 2021) sectors. Sectoral activity 
levels are determined endogenously within GCAM based on interactions 
among sectors and regions. For example, electricity sector water use is 
driven by end-use electricity demand (influenced by socio-economic 
assumptions), but is also influenced by endogenous decisions about 
fuel mix and generation technologies, which are in turn impacted by 
carbon policies, resource costs, and technology preferences. Similarly, 
water demand for crops and livestock is influenced not only by food 
demand (driven by exogenous assumptions like population and income) 
but also by endogenous dynamics such as land competition, crop prof
itability, and regional agro-climatic suitability. Water requirements for 
primary energy mining depend on the scale and type of fossil resource 
extraction, which respond to global energy demand and fuel price sig
nals (see Hejazi et al. (2014a) and Chaturvedi et al. (2013) for more 
details about water demands in GCAM).

Water supply in GCAM is allocated from three sources, each repre
sented by a basin-specific resource price curve. The first source is the 
renewable water supply, which includes surface runoff and groundwater 
recharge. For this study, we used existing output from the global hy
drological model Xanthos (Li et al., 2017), forced with WFDEI meteo
rological data, to obtain annual runoff volumes (in km3) for each river 
basin over the 1970–2010 period. The historical average runoff across 
this period was calculated for each basin and held constant in all future 
years as the estimate of renewable water availability. GCAM assumes 
that a baseline volume of renewable water is available at a nominal cost, 
with marginal prices increasing as the extraction of additional supply 
necessitates infrastructure investments (Kim et al., 2016). The second 
source is non-renewable groundwater (or ’fossil water’), represented by 
resource curves with escalating extraction costs based on aquifer 
depletion. Availability was derived from groundwater levels and soil 
characteristics (Turner et al., 2017). Finally, the third source is desali
nation, which is available in coastal regions and provinces at signifi
cantly higher costs, reflecting its high energy and capital requirements. 
GCAM allocates water across sectors and basins by minimizing total 
system cost, considering sectoral demands, the available water supply, 
and marginal water prices derived from basin specific supply curves. 
When demand exceeds the availability of low-cost water, the model 
turns to higher-cost sources such as fossil water or desalination. Under 

water scarcity, increasing costs may drive shifts in sectoral behavior, 
such as changes in crop selection, fuel choices, or technology adoption, 
to reduce water use.

3.3. Scenario design

This study employed a scenario matrix that combines two socio- 
economic pathways with three emissions trajectories to situate mitiga
tion strategies within a plausible range of socio-economic futures. The 
two socio-economic scenarios followed the Shared Socio-economic 
Pathways (SSPs) narratives described in O’Neill et al. (2014). 

• SSP2 represents a “middle-of-the-road” development pathway in 
which population and economic growth follow historical trajec
tories; and

• SSP5 represents a high-growth future with rapid economic expansion 
and higher population levels by 2050.

These two socio-economic pathways were then paired with each of 
the following emissions scenarios. 

• REF: a reference scenario without climate policy, used to benchmark 
water use in the absence of mitigation;

• NZ: a net-zero emissions scenario in which all 32 GCAM regions 
reach net-zero greenhouse gas emissions by a specified year; and

• NZDAC: a variation of the NZ scenario that includes DAC as an 
additional mitigation option, subject to technology costs, energy and 
water requirements, and geological storage availability

This two-by-three combination resulted in six scenarios. The two 
reference scenarios (REF_SSP2 and REF_SSP5) provided baseline pro
jections of water use and were used as reference points to distinguish the 
specific contributions of mitigation policies from broader socio- 
economic influences in each development trajectory. Socio-economic 
assumptions for the Canadian water sector in both scenarios are tabu
lated in SI3 and followed Graham et al. (2018). Both scenarios assumed 
technological improvements in water use efficiency across the domestic, 
manufacturing, and irrigation sectors. For the domestic sector, SSP5 
included lower price elasticity to reflect higher income and 
quality-of-life assumptions. In the electricity sector, new thermal power 
plants were assumed to adopt no more than 10 % once-through cooling 
and at least 10 % dry cooling, with the remainder relying on 

Fig. 1. spatial scales of water demand calculation for each sector in gcam-canada.
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recirculating systems, following assumptions in Macknick et al. (2012).
For both net-zero scenarios, a national climate policy was imple

mented by imposing economy-wide emissions constraints for Canada at 
each model time step, consistent with achieving net-zero by 2060. All 
provinces and territories were assumed to cooperate in meeting the 
national target, and no province-specific policies were imposed. Instead, 
GCAM endogenously determined a carbon price through its iterative 
market equilibrium mechanism that would obey the national constraint. 
This national carbon price was applied uniformly across all provinces 
and influenced provincial mitigation decisions such as fuel switching, 
energy efficiency improvements, and the deployment of carbon capture 
and storage (CCS). These decisions varied regionally based on differ
ences in mitigation costs, resource availability, and energy system 
structures. In NZDAC scenarios, DAC technologies were introduced as an 
additional mitigation option, constrained by technology costs, energy 
and water inputs, and the availability of suitable geological storage.

To simulate the effects of global decarbonization on local resources, 
the NZ and NZDAC scenarios also included emissions constraints for all 
other 31 GCAM regions. The adopted emissions reduction structure 
assumed that all regions met their nationally determined contributions 
under the Paris Agreement by 2030, after which Annex I countries 
would reduce emissions linearly to zero by 2060, and non-Annex I 
countries by 2080. The distinction between the environmental targets of 
Annex (I) and non-Annex (I) countries followed the classification 
adopted in Bergero et al. (2022), where Annex (I) countries were 
assumed to have the financial resources and capabilities to decarbonize 
their economies in a shorter time period than Annex (II) countries. 
Although these assumptions meant that the planet would reach net-zero 
beyond 2050 for all regions, our analysis focused on mid-century out
comes. Further, these targets were intended to represent illustrative 
mitigation pathways rather than represent the only approach to net-zero 
emissions. While the stringency of the emissions targets may influence 
the magnitude of projected water system responses, quantifying these 
effects was beyond the scope of this study.

3.4. Virtual water exports estimations

A post-processing analysis adapted from Graham et al., (2020b, 
2021) was applied to estimate the volume of virtual water exports 
embedded in Canada’s agricultural and electricity trade based on model 
outputs for production, water use, and trade. Agricultural water exports 
were estimated at the river basin scale, consistent with the representa
tion of land-use and crop production in GCAM-Canada. For the elec
tricity sector, virtual water exports were calculated at the provincial 
scale to align with the spatial resolution of electricity generation in the 
model. The methods used in each case are described in the following 
sections.

3.4.1. Agricultural virtual water export estimation
Agricultural virtual water can be classified into two types: green 

water (GVW), which refers to soil moisture from precipitation used in 
rainfed agriculture, and blue water (BVW), which refers to surface and 
groundwater used in irrigated agriculture. Although green water is not 
directly controlled or allocated (unlike blue water), it represents a vital 
component of agricultural water use, particularly in Canada, where over 
98 % of cropland is rainfed (Statistics Canada, 2023). The analysis 
included both types for a more comprehensive assessment of the effects 
of Canadian crop exports on local water resources under future decar
bonization scenarios.

In GCAM, trade in agricultural products occurs through a global 
market structure. Basin-level production from all regions is aggregated 
into a common pool, which is then allocated to meet demands across the 
32 GCAM regions. While water consumption and crop production are 
reported at the basin level, crop demand and trade flows are only 
tracked for the 32 model regions. As a result, the model does not specify 
which basins supply domestically consumed or exported products. To 

resolve this spatial mismatch, we assumed each of the thirteen (13) river 
basins in Canada (shown in Fig. 2) contributed a share of the total do
mestic demand for a given crop, with the remainder of production 
exported internationally. These shares were assumed to be proportional 
to each basin’s production relative to the total production for a given 
crop across all basins in Canada. Hence, the magnitude of net exports 
Ag_Eb,c,g in tonnes of a given crop c, grown using growing method g 
(irrigated or rainfed), from each basin b, was computed as the difference 
between the total production Pb,c,g and the basin’s production share 
directed towards domestic national demand as shown in Equation (1): 

Ag Eb,c,g =Pb,c,g −

⎛

⎜
⎜
⎝Dnat,c ×

Pb,c,g
∑n

b
Pb,c

⎞

⎟
⎟
⎠ (1) 

Where. 

• Pb,c,g is the total crop production (in tonnes) for crop c, method g, and 
basin b;

• Dnat,c is the national crop demand (in tonnes) for crop c; and
• n = 13 is the number of river basins within the Canadian region.

A basin was considered a net exporter of a crop if there was a surplus 
(i.e. a positive value from Equation (1)). Net virtual water exports 
Ag_VWEb,c in km3 were then calculated as the product of water con
sumption per unit crop production in km3/tonne and net crop exports, as 
shown in Equation (2): 

Ag VWEb,c =
WCb,c

Pb,c
× Ag Eb,c (2) 

Where. 

• WCb,c is total water consumption (in km3) for basin b and crop c; and
• Pb,c is total crop production (in tonnes) for basin b and crop c.

Green water consumption and rainfed crop production were 
employed in Equation (2) when calculating GVW exports, while blue 
water consumption and irrigated production were used to estimate BVW 
exports. The shares of blue/green water and irrigated/rainfed crops are 
provided by GCAM (Chaturvedi et al., 2013).

3.4.2. Electricity virtual water export estimation
Electricity virtual water (EVW) exports refers to the volume of water 

consumed during the generation of electricity that is subsequently 
exported. The adopted methodology is used to estimate EVW exports 
from all Canadian provinces to the United States, Canada’s only inter
national electricity trade partner, based on water consumption and 
electricity trade outputs from GCAM-Canada. EVW exports by fuel type f 
for each exporting province i and importing region j were calculated as 
the product of water consumption per unit electricity generation (in 
km3/EJ) and the volume of electricity exports (in EJ), following Equa
tion (3): 

EVWi,j,f =

(
WCi,f

ElecGeni,f

)

×

⎛

⎜
⎜
⎜
⎝

ElecGeni,f

∑F

f
ElecGeni,f

×ElecExpi,j

⎞

⎟
⎟
⎟
⎠

(3) 

Where. 

• WCi,f is the total water consumption for electricity generation in 
province i by fuel f (in km3);

• ElecGeni,f is the total electricity generation in province i by fuel f (in 
EJ);
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• ElecExpi,f is the total electricity exported from province i to importing 
region j (in EJ); and

• F is the total number of fuels used for electricity generation.

The equation assumed that the share of electricity exports attributed 
to each fuel type is proportional to that fuel’s share of total generation 
within the exporting province. Total EVW exports from each province i 
to each importing region j were then calculated by summing EVW ex
ports over all fuel types f, as shown in Equation (4): 

EVWi,j =
∑F

f=1

EVWi,j,f (4) 

Note that both Equations (3) and (4) represent a generic form 
applicable to estimating EVW trade flows between any two regions. In 
our analysis, we focused on trade flows from Canadian provinces to the 
U.S.; therefore, the importing region j was held constant as the U.S.

4. Results and discussion

The sections below present findings and analysis for the four research 
questions listed in the introduction. Section 4.1 establishes a policy- 
neutral reference case, the REF_SSP2 scenario, which reflects current 
trends in population growth, economic development, and water-saving 
technologies and omits climate mitigation efforts. Section 4.1 also 
compares REF_SSP2 with REF_SSP5 to explore how accelerated popu
lation and economic growth intensify water demands and shift sectoral 
patterns. Section 4.2 compares results from the reference scenarios with 
those of the net-zero scenarios to illustrate effects of deep decarbon
ization on water resources and includes the effects of DAC as an emission 
mitigation option, which addresses research questions 2 and 3. Section 

4.3 shifts to a global lens, examining how international decarbonization 
efforts influence Canada’s water resources through changes in virtual 
water exports. We analyze GVW and BVW exports as well as EVW ex
ports to reveal how evolving global demand and emission constraints 
feed back into local water pressures in Canada, addressing research 
question 4.

4.1. Reference water use scenarios

4.1.1. Water withdrawals in the REF scenarios
Absent decarbonization policies, future water withdrawals in Canada 

were shaped by two counteracting drivers: 1) population and economic 
growth, which increased water demands, and 2) water saving technol
ogies, which improved water use efficiency. In the REF_SSP2 scenario, 
the interplay of both dynamics produced different results at different 
spatial scales. Total national withdrawals decreased by 26 % from 2015 
to 2050, as shown in the first column of Fig. 3, largely because of the 
declining water intensity of the electricity sector. As newer thermal 
power plants adopted less water-intensive cooling technologies (Davies 
et al., 2013), the share of electricity withdrawals from total withdrawals 
fell from 67 % in 2015 to 46 % by 2050. At the same time, population 
growth (refer to Figure SI2.F1 in SI) drove increases in domestic, 
manufacturing, and irrigation withdrawals, with their respective shares 
rising from 14 %, 10.5 % and 5 % in 2015 to 24 %, 18 % and 8 % in 2050.

Provincial and river basin results revealed considerable heteroge
neity in their responses to these drivers, depending on their dominant 
water-using sectors, as presented in the first columns of Figs. 3 and 4. 
Some regions mirrored the national trend, while others diverged, largely 
because of differences in sectoral composition and the nature of tech
nological improvements. In particular, provinces where electricity 
withdrawals historically dominated saw substantial reductions, as the 

Fig. 2. The 13 Canadian river basins included in GCAM Canada. 
*AB: Alberta, BC: British Columbia, MB: Manitoba, NB: New Brunswick, NL: Newfoundland & Labrador, NS: Nova Scotia, NT: Northwestern territories, NU: Nunavut, 
ON: Ontario, PE: Prince Edward Island.
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shift from once-through to recirculating cooling systems significantly 
lowered withdrawal intensity. This pattern was evident in Ontario, 
which had the highest magnitude of withdrawals and followed the na
tional trend: electricity sector withdrawals fell by 50 % from 2015 to 
2050, with the adoption of low water-intensity cooling technologies (i.e. 
recirculating systems) and a 587 % increase in wind generation by 2050, 
which does not require cooling water (refer to figure SI5.1 F1 for pro
vincial electricity generation by fuel). The Great Lakes River basin, 
where Ontario accounted for ~85 % of the total withdrawals, followed 
the same trajectory. Alberta and the Saskatchewan-Nelson basin, where 
Alberta’s withdrawals accounted for ~83 % of the total, also exhibited 
overall declines, with a 15 % decline in withdrawals in Alberta through 
similar shifts in cooling technologies.

In contrast, no similarly transformative efficiency assumption exis
ted for other sectors, such as irrigation, manufacturing, or domestic use, 
where the assumed technological improvements were more incremen
tal. As a result, regions with water use concentrated in these other sec
tors experienced rising withdrawals, as population and economic 
growth outpaced efficiency gains. Manitoba, British Columbia, Sas
katchewan, and Quebec exhibited this trend, and experienced rising 
total withdrawals between 2015 and 2050 of 31 %, 29 %, 27 %, and 13 
% respectively, with a rise in domestic (between +12 % and +33 %) and 
manufacturing (between +11 % and +39 %) withdrawals compounded 
by a 42 % increase in irrigation withdrawals in British Columbia. This 
increase resulted from population growth and economic development 
and corresponding increases in food demands. The corresponding river 

basins witnessed the same pattern, including the Fraser, Pacific North
west, and Pacific & Arctic in British Columbia, and the Hudson Bay and 
St. Lawrence in Quebec (see Fig. 4).

The REF_SSP5 scenario, with its high-growth development pathway, 
exhibited similar sectoral dynamics but amplified the magnitude of 
change. Although the decreasing trend of total water withdrawals per
sisted in REF_SSP5, the slope was milder, with national withdrawals 
projected to be 18 % higher than REF_SSP2 by 2050 because of steeper 
increases in the manufacturing, domestic, and agricultural sectors, 
alongside a smaller reduction in electricity sector use relative to 
REF_SSP2. These shifts were driven by larger demands for food crops 
(22 % higher), electricity (30 % higher) and manufactured products 
resulting from a higher population (22 % higher), and elevated stan
dards of living compared to REF_SSP2. Although water-saving technol
ogies continued to improve efficiency, they were outpaced by the scale 
of growth in sectoral demands.

In REF_SSP5, provinces and basins that showed increasing water use 
under REF_SSP2 experienced amplified growth, while those with 
declining trends saw milder reductions. Ontario, Alberta, and the Great 
Lakes basin still showed decreasing trends, but withdrawals remained 
14–16 % higher than in REF_SSP2 by 2050. British Columbia, Sas
katchewan, Manitoba, and Quebec continued to exhibit increases in 
water use, magnified under the SSP5 pathway. Additionally, with
drawals increased by 25 % in the Mackenzie basin because of oil sands 
expansion in Alberta (refer to figure SI5.3 F3 for projected oil and gas 
production).

Fig. 3. National and Provincial water withdrawals by sector in all scenarios between 2015 and 2050 
*ON: Ontario, AB: Alberta, BC: British Columbia, QC: Quebec, Atlantic: All Atlantic provinces, SK: Saskatchewan, MB: Manitoba 
Text shows withdrawals by highest withdrawal sector on bar charts and total withdrawals above each bar.
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4.1.2. Water consumption in the REF scenarios
In the REF_SSP2 scenario, total water consumption in Canada 

increased by 18 % between 2015 and 2050, despite an overall decline in 
water withdrawals, primarily because of evaporative losses from hy
dropower reservoirs and, to a lesser extent, evapotranspiration from 
irrigated agriculture. By 2050, the electricity and irrigation sectors 
accounted for 67 % and 12 % of national water consumption, respec
tively. As one of the world’s leading hydropower producers, Canada 
generated about 57 % of its electricity from hydropower in 2015, and 
national hydropower production increased by 15 % during the study 
period. Consequently, electricity-related water consumption rose by 13 
%, while irrigation-related consumption increased by 21 % as shown in 
Fig. 5.

Regional patterns reflected the spatial distribution of hydropower 
generation and irrigated agriculture, and the provinces and basins with 
the largest hydropower output experienced the most significant in
creases. Specifically, Ontario showed the largest absolute increase in 
water consumption, driven by a 24 % expansion in hydropower in the 
Great Lakes and Hudson Bay basins, while Manitoba recorded a 24 % 
increase in total water consumption driven by a 23 % rise in hydropower 
production in the Saskatchewan–Nelson basin. In contrast, consumption 
rose in the Mackenzie (+31 %) and Fraser (+38 %) basins of British 
Columbia with growth in both hydropower and irrigated crop produc
tion. In Alberta, agriculture drove the increases, with irrigation and 
livestock water consumption rising by 17 % over the study period.

In REF_SSP5, greater energy and food demands led to national water 

consumption levels that were 16 % higher than REF_SSP2. The elec
tricity sector accounted for 64 % of this additional use, fueled by a 
further 15 % rise in hydropower production. The remaining increase 
came from the domestic (13 %), irrigation (7 %), and manufacturing (7 
%) sectors. Together, Quebec, British Columbia, Ontario, and Alberta 
contributed 86 % of the national increase, and hydropower expansion in 
the Hudson Bay and St. Lawrence basins within Quebec was responsible 
for the largest rise, followed by increases in the Fraser and Mackenzie 
basins in British Columbia.

4.2. Effects of deep decarbonization policies

4.2.1. Water withdrawals in the NZ scenarios
The introduction of net-zero policies altered energy and land use 

systems and consequently affected electricity and agricultural sector 
withdrawals. Although they caused national withdrawals only to in
crease marginally (~2 %) from the REF_SSP2 scenario by 2050, net-zero 
policies had two notable effects on national sectoral water use. First, 
they encouraged a shift away from fossil fuels as an energy source (16 % 
lower), especially for residential and industrial uses, toward a more 
electricity-dependent system. This resulted in an 8 % higher thermal 
power generation and a corresponding 7 % higher water withdrawals for 
electricity by 2050 compared to REF_SSP2. Further, net-zero policies 
caused a 3.9-fold increase in purpose-grown biomass crop production – 
as an alternative to fossil fuels and because of its negative emission 
potential when employed with CCS (i.e. Bioenergy Energy with Carbon 

Fig. 4. Water withdrawals by sector for river basins with the highest withdrawals in all scenarios between 2015 and 2050 
*GRT-LKS: Great Lakes, SASK-NEL: Saskatchewan Nelson, PAC-AR: Pacific Arctic, FR: Fraser, ATL: Atlantic, MACK: Mackenzie, PAC_NW: Pacific Northwest, ST. LAW: 
Saint Lawerence 
Text shows withdrawals by highest withdrawal sector on bar charts and total withdrawals above each bar.
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Capture and Storage or BECCS) – which increased irrigation with
drawals by 19 % nationally compared to REF_SSP2 by 2050.

These national-level changes translated into diverse subnational 
outcomes, as presented in the second column of Figs. 3 and 4, with the 
differences shaped by the type and scale of energy transitions and land- 
use responses. Some provinces experienced elevated water withdrawals 
compared to REF_SSP2 because of elevated cooling water requirements 
from thermal power plants. For example, total withdrawals in Ontario 
were 6 % higher for NZSSP2 by 2050, because of a 10 % larger electricity 
withdrawal despite the 22 % decrease in thermal power generation 
compared to REF_SSP2. A shift in the composition of Ontario’s thermal 
mix towards nuclear energy away from natural gas combined cycle 
generation in REF_SSP2 could explain the increase. Although both 
technologies were assumed to employ recirculating cooling systems, 
nuclear plants have higher water withdrawal intensities per unit of 
electricity generated (Macknick et al., 2012), leading to an overall rise in 
electricity water withdrawals. Similarly, Saskatchewan saw a 7 % in
crease because of higher cooling demands for thermal plants with CCS, 
which constituted 95 % of electricity generation from thermal sources. 
Other provinces experienced higher withdrawals under NZSSP2 pri
marily because of increased irrigation demands associated with the 
expansion of purpose-grown biomass. This is evident in British 
Columbia, Nova Scotia, and Prince Edward Island, which experienced 
elevated withdrawals compared to REF_SSP2, with increased irrigation 
withdrawals particularly in the Fraser, Pacific-Arctic, and Atlantic river 
basins as shown in Fig. 4, where irrigated biomass production rose by 

242 %, 374 %, and 339 %, respectively.
In contrast to provinces with rising withdrawals, some regions 

experienced an overall decline in water use under NZSSP2. This pattern 
primarily occurred in regions where renewable energy expanded, since 
it does not require water for cooling. For example, Alberta, where 
withdrawals primarily from the Saskatchewan-Nelson and Mackenzie 
basins, exhibited a synergistic trend in the NZ scenario: withdrawals 
gradually declined until 2030 and then grew modestly afterwards, 
which resulted in a 20 % reduction between 2015 and 2050. The early 
decline was driven by the retirement of coal-fired power plants and their 
replacement with wind energy, which led to an 82 % drop in electricity 
withdrawals between 2015 and 2030. Although thermal generation 
increased by 58 % after 2030, largely through CCS-equipped facilities, 
the corresponding rise in withdrawals was relatively modest compared 
to the drop from 2015 to 2030 because newer plants employed low 
water intensity cooling technologies. Basin-level patterns reflected this 
trend, with withdrawals falling by 14 % in the Saskatchewan-Nelson 
basin and 27 % in the Mackenzie basin by 2050. The trends in 
NZSSP5 matched those of the NZSSP2 scenario across all provinces and 
basins, although with greater withdrawals in NZSSP5 because of higher 
sectoral use in SSP5.

4.2.2. Water withdrawals in the NZDAC scenarios
The addition of DAC technologies for climate change mitigation 

yielded a small increase in withdrawals (~3 % by 2050) at the national 
level from NZSSP2, as shown in the third column of Fig. 3, primarily 

Fig. 5. National and Provincial water consumption by sector in all scenarios between 2015 and 2050 
*ON: Ontario, AB: Alberta, BC: British Columbia, QC: Quebec, Atlantic: All Atlantic provinces, SK: Saskatchewan, MB: Manitoba 
Text shows Consumption by highest Consumption sector on bar charts and total withdrawals above each bar.
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driven by the direct water requirements of the DAC process and the 
additional electricity generation needed to power it. As DAC deployment 
was assumed to occur in regions with available geological storage, its 
impact was concentrated in western Canada —particularly in Alberta 
and Saskatchewan.

Both provinces experienced higher withdrawals than in NZSSP2. In 
Alberta, total withdrawals increased by 18 % by 2050 in NZDACSSP2, 
with 71 % of the increase directly associated with DAC operations and 
the remainder stemming from additional electricity generation and 
modest increases in irrigation. Saskatchewan saw the largest relative 
increase in total withdrawals (74 % above NZSSP2), with 79 % of the 
rise attributable to DAC demand and the rest linked to expanded thermal 
generation, which increased by 42 % by 2050. Manitoba also saw a 
minor increase (~3 %) in withdrawals for similar reasons. Finally, as the 
main source of water for these provinces, the Saskatchewan-Nelson 
basin experienced the largest increase in total withdrawals (19 %) 
compared to NZSSP2 by 2050, as presented in the third column of Fig. 4. 
Finally, the withdrawal patterns described above were the same in the 
SSP5 versions of the NZ and NZDAC scenarios.

4.2.3. Water consumption in the NZ scenarios
National water consumption increased in NZSSP2 compared to the 

REF_SSP2, as presented in Fig. 5. The rise was primarily driven by 
changes in the electricity and irrigation sectors, which saw 17 % and 19 
% higher consumption by 2050, respectively. Two key dynamics explain 

these increases. First, net-zero policies led to a shift toward clean energy 
sources that are more water consumptive, most prominently hydro
power generation, which increased by 10 % nationally by 2050 and 
contributed to elevated evaporative losses, and irrigation consumption, 
which rose with expanded production of purpose-grown biomass crops.

Compared to REF_SSP2, water consumption increased in all prov
inces, although the magnitude varied depending on the sectoral shifts 
described earlier. In British Columbia, water consumption increased by 
18 % in 2050 because of the rise in hydropower generation (7 %) and 
biomass production (281 %) from river basins within its boundaries. 
Consumption for electricity generation and irrigation increased most 
significantly in the Mackenzie, Fraser and Pacific and Arctic basins, as 
shown in the second column of Fig. 6. Similarly, the electricity sector 
consumed more water in the Hudson Bay of Quebec and the Churchill 
basin in Newfoundland and Labrador, as well as the Saskatchewan- 
Nelson basin in the three prairie provinces, where hydropower genera
tion increased by 10 %, 7 %, and 19 %, respectively. Uniquely, the 
adoption of CCS technologies in NZSSP2 drove the increase in con
sumption in Alberta, where 93 % of the thermal power generation was 
produced by CCS-equipped power plants by 2050. Finally, Nova Scotia 
and Prince Edward Island experienced the highest percentage increase 
in water consumption in NZSSP2 because of biomass irrigation. Similar 
to the withdrawals, NZSSP5 showed the same patterns as the NZSSP2 
scenario, but with higher overall consumption as demonstrated in Figs. 5 
and 6.

Fig. 6. Water Consumption by sector for river basins with the highest withdrawals in all scenarios between 2015 and 2050 
*SASK-NEL: Saskatchewan Nelson, GRT-LKS: Great Lakes, HUD: Hudson, MACK: Mackenzie, FR: Fraser, ST. LAW: Saint Lawerence, ATL: Atlantic, PAC_NW: Pacific 
Northwest 
Text shows Consumption by highest Consumption sector on bar charts and total withdrawals above each bar.
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4.2.4. Water consumption in the NZDAC scenarios
Water consumption was 7 % higher nationally in NZDACSSP2 than 

NZSSP2 by 2050, primarily because of the high consumptive water use 
of DAC systems and an increase in electricity production from hydro
power. Similar to withdrawals, DAC deployment in Alberta and Sas
katchewan led to 29 % and 91 % higher water consumption, 
respectively, by 2050 compared to NZSSP2, as illustrated in Fig. 5. In SK, 
the increase was partially driven by the electricity sector, where water 
consumption rose by 22 % driven by a 22 % increase in hydropower 
generation, mainly from the Saskatchewan-Nelson basin.

In contrast, biomass production was lower under NZDACSSP2 
because of a reduced reliance on BECCS for negative emissions. There
fore, irrigation water consumption in Nova Scotia and Prince Edward 
Island, sourced from the Atlantic basin, was 14 % lower in 2050 than in 
NZSSP2.

4.3. International trade and global impacts of Canadian water resources

4.3.1. Agricultural virtual water exports
In the reference scenario, REF_SSP2, greater global demands for 

Canadian food and feed crops, primarily oil crops, wheat, fodder herbs, 

grains, and biomass increased national virtual water exports by 61 % 
from 2015 to 2050, as shown in Fig. 7. Oil crops were the largest 
contributor to this increase, with their use as animal feed rising by 89 %, 
and as food by 26 % across the other 31 global regions in the model over 
the same period. At the basin level, this greater demand resulted in 
significantly higher GVW exports, particularly from the Saskatchewan- 
Nelson and Great Lakes basins, which are Canada’s two largest sour
ces of agricultural virtual water exports. Specifically, by 2050, GVW 
exports increased by 58 % in the Saskatchewan-Nelson basin and by 28 
% in the Great Lakes basin. REF_SSP5 exhibited higher GVW exports 
than REF_SSP2, particularly with oil crops, because of higher food de
mands with larger populations in these scenarios.

Global efforts to achieve net-zero drove substantial changes in land 
use and energy systems, which in turn impacted global demands for 
Canadian products. In the NZSSP2 scenario, global consumption of oil 
crops as feed fell by 24 % and for biomass oil production by 30 % 
compared to REF_SSP2 in 2050. These reductions reflected a broader 
shift in land use in global mitigation pathways. Increasing land alloca
tion to biomass cultivation and afforestation caused the area available 
for pasture to decline, which reduced livestock production and the 
associated demand for feed crops, including oil crops. At the same time, 

Fig. 7. Greatest green virtual water exports by crop and river basin for all scenarios between 2015 and 2050 
*SASK-NE: Saskatchewan Nelson, GRT-LKS: Great Lakes, MACK: Mackenzie, Missouri: Missouri 
Text shows Water Exports for highest Sector on bar charts and total Exports above each bar.
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oil crops became less competitive as an energy feedstock, since energy 
systems increasingly shifted toward purpose-grown biomass, favored for 
its mitigation potential, and other low-carbon fuels. These combined 
shifts led to reduced Canadian oil crop production and exports, resulting 
in an 18 % decline in national GVW exports by 2050. As the main oil 
crop-producing region, the Saskatchewan–Nelson basin experienced a 
15 % drop in oil crop-related GVW exports compared to REF_SSP2.

The introduction of DAC technologies in NZDACSSP2 reduced the 
global reliance on BECCS as the primary negative emissions technology, 
relatively easing the land-use competition that constrained food and 
feed crop production under NZSSP2. This shift resulted in a modest 
rebound in Canadian oil crop exports, which were 5 % higher compared 
to NZSSP2 by 2050, although they remained below reference scenario 
levels, since overall structural changes to global food and energy systems 
continued to limit the role of oil crops in future trade. International trade 
effects on BVW exports matched most of the described impacts for GVW 
exports, but were significantly lower since most (~98 % by 2050) Ca
nadian agricultural production was rainfed. Refer to SI5.2 for further 
analysis on BVW exports.

4.3.2. Electricity virtual water exports
In the reference scenario, the U.S. demand for Canadian electricity, 

primarily from hydropower-producing provinces, peaked by 2030 under 

REF_SSP2 before gradually declining as shown in Fig. 8. This trade was 
driven by economic considerations, since importing hydropower 
remained more cost-effective for the U.S. than expanding domestic 
generation. In 2015, Canadian EVW exports to the U.S. originated 
mainly from Quebec (57 %), British Columbia (19 %), Manitoba (17 %), 
and Ontario (5 %). After 2030, total EVW exports began to decline, 
primarily due to reduced exports from Quebec as the relative cost of 
hydropower increased compared to alternative electricity sources.

Net-zero policies in the U.S. led to a notable increase in its demand 
for Canadian hydropower. As a result, Canadian EVW exports remained 
consistently higher in NZSSP2 compared to REF_SSP2, and reached 24 % 
above reference scenario levels by 2050. EVW exports from Quebec 
peaked in 2030 and declined thereafter, but remained higher 
throughout the period than in REF_SSP2, as U.S. mitigation policies 
raised domestic energy prices and made Canadian hydropower rela
tively more competitive. British Columbia’s EVW exports increased by 
46 % by 2050, driven by higher hydropower production, while Man
itoba’s exports also rose by 20 % relative to REF_SSP2. Incorporating 
DAC into net-zero policies resulted in minimal change to the total vol
ume of Canadian EVW exports to the U.S. by 2050 compared to NZSSP2. 
Finally, EVW exports were greater in both NZSSP5 and NZDACSSP5 
scenarios, with a milder decline post-2030, because of elevated elec
tricity demands in the U.S. under these scenarios.

Fig. 8. Electricity virtual water exports from Canada to the united states by exporting province during the study period for all 6 scenarios 
* AB: Alberta, BC: British Columbia, MB: Manitoba, NB: New Brunswick, ON: Ontario, QC: Quebec, SK: Saskatchewan 
Text shows Water Exports for the top Three Exporting Provinces on bar charts and total Exports above each bar.
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5. Conclusions

This study presented trajectories to 2050 of Canadian water use 
under local and global deep decarbonization scenarios developed with 
an integrated assessment model, GCAM-Canada, that simulates the 
linkages among the energy, land, and water systems at subnational 
scales. The analysis examined how local energy and land use decisions, 
and their associated water implications, evolved under reference so
cioeconomic pathways and in response to additional net-zero climate 
policy interventions. An important aspect of this study is its quantifi
cation of the potential impacts of widespread direct air capture tech
nology adoption on subnational water use. Finally, we investigated how 
global decarbonization influences local water resources in Canada 
through changes in international demands for agricultural products and 
electricity, using a virtual water trade framework.

In response to research question 1, we found a 26 % decrease in total 
national water withdrawals from 2015 to 2050 under the reference 
scenario (REF_SSP2), in the absence of climate policies, but with sub
stantial variation across provinces and river basins. The provinces of 
Ontario and Alberta mirrored the national decline with 50 % and 15 % 
reductions respectively, as the replacement of older cooling technologies 
by less water-intensive cooling systems in new power plants proved 
more influential on water withdrawals than rises in domestic and 
manufacturing water demands from population growth. In contrast, the 
domestic and manufacturing sectors dominated water withdrawals in 
British Columbia, Quebec, Manitoba, and Saskatchewan, which 
increased by 13–31 % with population growth. Water consumption also 
rose for the same period nationally (+18 %), provincially, and at the 
river basin level, mainly through evaporative losses from expanding 
hydropower reservoirs. The higher growth, more technologically 
focused SSP5 scenarios produced uniformly higher withdrawals and 
consumption by the end of the study period, even with assumed im
provements in water use efficiency. The results of the reference scenario 
show that the spatial heterogeneity of sectoral water use, in absence of 
climate policies, was driven by differences in energy mix, demographic 
growth, and hydropower capacity, and led to uneven regional outcomes, 
even under shared national scale assumptions, which reinforces the 
importance of subnational assessments when evaluating long-term 
water use projections.

The implementation of net-zero policies – associated with research 
question 2 – met climate goals but produced a potential tradeoff in most 
provinces, with higher water withdrawals, consumption, or both 
compared to the reference scenarios by 2050. We found that these 
policies intensified electricity production from renewable sources, 
diminished reliance on fossil fuels, and increased electricity consump
tion across Canada (+17 % compared to REFSSP2) with a corresponding 
increase in water consumption by hydropower-producing provinces. 
Moreover, net-zero policies incentivized biomass production (+289 % 
from irrigated lands compared to REFSSP2) as a clean energy source, 
which increased irrigation withdrawals and consumption over the 
reference scenario, notably in British Columbia (+67 %), Nova Scotia 
and Prince Edward Island (+280 %). Solely in Alberta, net-zero policies 
decreased water withdrawals from the Saskatchewan-Nelson (− 14 %) 
and Mackenzie basins (− 27 %) largely through the retirement of coal- 
fired power plants and their water-intensive cooling systems, com
bined with a greater reliance on wind energy. Overall, the spatially 
heterogenous effects of decarbonization policies on sectoral water use at 
provincial and river basin scales underlines the importance of local 
context when formulating climate strategies.

In addressing Research Question 3, we found that adopting direct air 
capture technologies as part of net-zero policies increased withdrawals 
and consumption considerably compared to NZSSP2 in Alberta (by 18 % 
and 29 %) and Saskatchewan (by 74 % and 91 %), where the technology 
was deployed. In addition to the water intensive nature of the technol
ogy, direct air capture led to, 1) greater electricity demands in the 
western provinces, which drove an increase in water withdrawals and 

consumption, and 2) a reduction in land use change and biomass culti
vation in the eastern provinces. Specifically, the direct air capture 
technology presented another option for emissions reductions in the net- 
zero scenario, reducing the reliance on biomass with carbon capture and 
storage as the primary carbon removal option, and in turn reduced 
irrigation withdrawals and consumption, especially in Nova Scotia and 
Prince Edward Island from the Atlantic basin (− 14 %) and in British 
Columbia (− 8 %) from the Fraser and Pacific and Arctic basins. Local
ized increases in water use highlight how the spatial deployment of 
carbon removal technologies can alter regional water demands, even 
when national-level changes remain modest.

Finally, in addressing Research Question 4 on the effects of global 
decarbonization on local water resources, we found that population 
growth across all scenarios increased international demand for Canadian 
food and feed crops. The reference REF_SSP2 scenario produced a sig
nificant increase in virtual green (+61 %) and blue water (+25 %) ex
ports from 2015 to 2050. However, net-zero policies reduced the green 
virtual water exports compared to REF_SSP2 (− 18 % in 2050), because 
of a global increase in purpose-grown domestic biomass production that 
reduced global demands for liquid biofuels produced from oil crops. The 
global allocation of land resources to biomass also reduced grazing land 
availability and decreased feed demands, which decreased crop exports 
from Canadian basins. Furthermore, global efforts to achieve net-zero 
incentivized the U.S. demand for electricity from clean sources, partic
ularly from hydropower producing provinces including Quebec, British 
Columbia, and Manitoba, leading to 20 %–46 % higher electricity virtual 
water exports in these provinces under NZSSP2. These findings 
demonstrate the importance of incorporating the effects of global drivers 
on local water resources via international trade for a complete assess
ment of future water use trajectories under decarbonization scenarios.

Future work should address the effects of climate change and pro
jected temperature increases on both water use coefficients and sectoral 
demands. While this study explored potential water use tradeoffs under 
climate policy scenarios, it did not explicitly model how rising temper
atures could influence demands across sectors, such as agriculture (via 
higher evapotranspiration), energy (for cooling or through evaporation 
from reservoirs), and domestic use. Additionally, warming-related im
pacts on agricultural yields were not considered, despite their potential 
to indirectly affect irrigation intensity and land use. Including 
temperature-driven effects on water demand would increase certainty in 
the reported values of the potential climate policy tradeoffs reported in 
this study.

Spatially, our study assessed future water demands at relatively 
coarse river basin scales. Future research could improve water stress 
estimation by disaggregating demand projections to finer spatial units, 
such as subbasins or watersheds, particularly in regions where water use 
is expected to rise. To support such analyses, future water supply could 
also be evaluated by running the global hydrologic model under a range 
of climate forcings, enabling more detailed assessments of water avail
ability and stress under different climate and policy scenarios.

Our climate pathways to net-zero represented economically efficient 
solutions and were also in part informed by local historical energy 
preferences; however, energy policy is typically political which un
doubtedly influences future pathways to net-zero. A possible approach 
for future studies is to explore scenarios with different paths to the same 
goal. Moreover, our study assumed a nationally coordinated policy 
approach in which provinces contribute cooperatively to a common 
target. Alternative policy configurations, including decentralized or 
province-led strategies, could also lead to different outcomes. Exploring 
the sensitivity of water use to these different institutional arrangements 
represents another important direction for future work.

Finally, improving the sectoral granularity of the model would 
strengthen future assessments. In GCAM-Canada, the industrial sector is 
currently represented as a single aggregated entity with a generic in
dustrial output. Disaggregating this sector into distinct manufacturing 
subsectors, each with its own technological options, emissions 

O. Younis et al.                                                                                                                                                                                                                                  Journal of Environmental Management 391 (2025) 126416 

13 



trajectories, trade structures, and water use profiles, would enable a 
more accurate representation of industrial water demands. It would also 
make it possible to estimate virtual water associated with manufactured 
goods, which is absent from the current analysis. Additionally, while the 
electricity trade structure in GCAM-Canada represents an important 
advancement by enabling the estimation of electricity virtual water 
flows, further improvements are needed. Integrating GCAM-Canada 
with GCAM-USA to represent province-to-state electricity trade would 
enhance the spatial realism of electricity virtual water assessments.
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